The development of medium for the production of cutinase from Pseudomonas cepacia NRRL B 2320 was carried out using Plackett-Burman experimental design followed by central composite design. The medium components were screened by Plackett-Burman experimental design which suggested that cutin, peptone, KCl and MgSO 4 ·7H 2 O have influenced the cutinase production significantly with very high confidence levels. The concentration levels of these four components were optimized using 2 4 full factorial central composite design. An optimum combination of 10.06 g·L . An overall 2 fold increase in the production of cutinase was observed in the optimized medium. Growth and production of cutinase from P. cepacia NRRL B 2320 have been studied in shake flask and batch bioreactor. Time course of cell growth and enzyme production was fitted to the existing kinetic models reported in the literature to estimate the biokinetic parameters. These models suggested that the production of cutinase is growth associated in shake flask and it is a mixed growth type in a batch bioreactor.
Introduction
Cutinases (3.1.1.74) are hydrolytic enzymes, the smallest member of α/β hydrolase family [1] , that degrade cutin, which is the cuticular polymer of higher plants, composed of hydroxy and epoxy fatty acids polyester [2, 3] . Cutinase is a versatile enzyme and shows several properties, which is used in various industries. In addition to hydrolysis, it also catalyzes esterification and transesterification reactions that make it a highly potential industrial enzyme. Cutinase has potential use in dairy industry for hydrolysis of milk fat, house hold detergents, oleochemical industry, synthesis of structured triglycerides, polymers and surfactants [4] , synthesis of ingredients for personal-care products, synthesis of pharmaceuticals and agrochemicals containing one or more chiral centers [5, 6] . At low water activities transesterification of fats and oils or stereo selective esterification of alcohols can be achieved using cutinase.
Previously, we have screened different Pseudomonas strains for potential cutinase producer using cutin as sole carbon source and inducer (data not shown). Among tested microorganisms, Pseudomonas cepacia NRRL B-2320 was found to be the best producer and selected for further optimization of medium components. Screening and assessment of nutritional requirements of microorganism are important steps for bioprocess development. An optimization study using the one-variable-ata-time approach is tedious and also fails to explain the effects of interaction among the factors and might lead to misinterpretation of results. In contrast, statistical methodologies are generally preferred due to their advantages [7, 8] such as reducing the number of experiments and allowing extraction of more information about possible interaction effects among the factors. Statistically designed experiments can also reduce the error in determining the effect of parameters in an economical manner [9] . Process optimization plays a major role in industrial production processes in which even small improvements would be crucial for commercial success. In any bioprocess, the improvement in productivity of any metabolite would be achieved through manipulation of nutritional and physical parameters. The Plackett-Burman experimental design is applied for screening the most significantly influencing parameters from a pool of a large number of process variables. So, these designs are pretty useful in preliminary studies in which the principal aim is to select variables that can be fixed or removed for further optimization processes such as response surface methodology (RSM), which is an efficient strategic experimental tool by which the optimal conditions of a multivariable system would be determined.
In the present study, the statistical experimental design techniques were applied for the development of media and enhanced production of cutinase from P. cepacia NRRL B 2320. Initially, the medium components were screened by using the Plackett-Burman experimental design. The optimal levels of significantly influencing medium components were determined by using the central composite experimental design. The time course of cell growth and enzyme production was fitted to the existing kinetic models.
Materials and Methods

Preparation of Cutin
Cutin was prepared from fresh tomato peels using the method described by [10] . In brief, tomato peels collected from fresh tomatoes were boiled in oxalic acid/ ammonium oxalate buffer for 3 -4 hours. After cooling to room temperature, the peels were digested with enzymes (cellulase and pectinase) to remove pectin and cellulose and subjected to extensive solvent extraction with methanol-chloroform in soxhlet apparatus to remove the embedded waxes and then dried in an oven at 40˚C. These dried peels were ground to powder (<20 mesh) to get cutin.
Microorganisms and Its Maintenance
The bacterium used throughout the study, P. cepacia NRRL B 2320 (also known as Burkholderia cepacia) was procured from Agricultural Research Service (ARSCulture collection), USDA, Peoria, USA. The organism was grown on nutrient agar medium at 28˚C. The organism was sub-cultured every month and maintained at 4˚C ± 1˚C.
Seed Culture Medium
The medium used for the development of seed culture contained (g·L [11] . The seed culture medium was inoculated with a loop full of pure culture grown on nutrient agar slant. The culture was then incubated for 10 h (to reach culture OD at 600 nm: 0.6 ~ 0.8) at 28˚C and 180 rpm.
Production Medium
The following medium was used for the production of cutinase (g·L The pH of the medium was adjusted to 7. A 2% of inoculum from the above seed culture was added to 50 ml of the medium in 250 ml Erlenmeyer flasks. The flasks were incubated in a shaking incubator at 28˚C and 180 rpm. Samples were withdrawn at regular interval of time and measured for cutinase production. Experiments were conducted in duplicates and enzymatic assay was performed in duplicates for each sample.
Cutinase Assay
Samples were centrifuged at 10,000 × g for 10 min at 4˚C ± 1˚C. The supernatant was separated and used for assaying cutinase activity. The activity was measured by following the hydrolysis of p-nitrophenyl butyrate (p-NPB) (Sigma) as substrate. An aliquot of (0.020 ml) culture supernatant was added to 0.98 ml of reaction mixture, which was prepared by adding 1 ml 23 mM pNPB in tetrahydrofuran to 40 ml of 50 mM potassium phosphate buffer containing 11.5 M sodium deoxycho-late. The reaction was monitored for 15 minutes at 37˚C and absorbance of released p-nitrophenol measured at 410 nm. One enzyme unit is defined as the amount of enzyme required to release one µMol of p-nitrophenol min −1 under assay condition.
The production of cutinase was confirmed by cutinase assay using cutinase specific substrate, p-nitrophenyl (16-methyl sulphone ester) hexadecanoate (p-NMSH)). p-NMSH was prepared in our laboratory according to the method described [12] . Assay was performed using the method described in enzyme assay, with the change in incubation period for 1 hour instead of 5 min at 55˚C. One unit of enzyme activity is defined as release of 1 µmol of p-nitrophenol per min. Specific activity is defined as the activity of an enzyme per milligram of total protein (expressed in μmol/min/mg).
Growth Measurement
Due to the presence of cutin, cell dry-weight concentration could not be measured directly and therefore, intracellular protein concentration was measured [13] . The relationship with cell dry weight and intracellular protein was established as: level of the independent variable. The significance of each variable was determined using student's t-test. All experiments were conducted in duplicates and averages of the results were taken as the response.
method to determine the specific activity of cutinase. The bovine serum albumin (Sigma) was used as standard.
Optimization Procedure
The optimization of medium constituents for maximization of cutinase production by P. cepacia NRRL B 2320 was carried out in two stages.
Optimization of Screened Medium Components
for the Production of Cutinase from P. cepacia NRRL B2320 The central composite experimental design [15] has been applied to optimize the levels and explain the combined effect of the significantly influencing medium constituents, viz. cutin, peptone, KCl and MgSO 4 ·7H 2 O on the production of cutinase from P. cepacia NRRL B 2320. Each variable (medium component) was assessed at five coded levels (−2, −1, 0, +1, and +2) with 30 (=2 k + 2k + 6) treatment combinations, where, k is the number of independent variables [16] . Twenty four experiments were augmented with six replications at the center points to evaluate the pure error. The minimum and maximum ranges of the variables were used and the full experimental plan with regard to their values in actual and coded form is provided in Table 3 . The quadratic model for predicting the optimal levels was expressed according to the Equation (2).
Screening of Significantly Influencing Medium
Components by Plackett-Burman Experimental Design Technique The Plackett-Burman experimental design was applied to screen the significantly influencing medium components to maximize the production of cutinase [14] . Total of seven parameters viz., cutin, peptone, beef extract, urea, KH 2 PO 4 , KCl and MgSO 4 ·7H 2 O have been considered for screening experiment. The data range was varied based on the original medium composition as shown in Table 1 . Each variable is represented at two levels, i.e., a high (+) and low (−). According to Plackett-Burman experimental design a total of 12 experiments were performed. The levels of variables and design matrix in the coded levels and real values are shown in the Table 1 . Plackett-Burman experimental design is based on the first order polynomial model:
where, Y is the predicted response, k is the number of factor variables, X i and X j are independent variables, β 0 is the offset term, β i is the i th linear coefficient, β ii is the i th where, Y is the response (enzyme activity),  0 is the model intercept,  i is the linear coefficient, and x i is the Table 1 . Plackett-Burman design matrix with coded and actual values along with the observed and predicted cutinase production.
Experimental values EnzymeActivity (U/ml)
162.98 ± 1.91 168.37 61.36 1.97 quadratic coefficient and β ij is the ij th interaction coefficient. The statistical software package, MINITAB ® Release 15.1, PA, USA was used for the regression analysis of the experimental data, and also to plot the response surface graphs.
Unstructured Model Prediction
To estimate the biokinetic constants involved in the microbial growth and cutinase production process, various unstructured models reported in the literature were used to fit the experimental data on cutinase production and biomass growth of P. cepacia. The equations used for growth and production kinetics are given below.
Logistic model for growth [17] 0 0 0
where, X is cell biomass (g·L
), X max is the maximum biomass in (g·L
) and μ is specific growth rate (h
−1
). Logistic Model for production [17] 0 0 0 r r P t max P t max
where, P is the cutinase activity (U·mL
), P 0 is the initial cutinase activity (U·mL ), P max is the maximum cutinase activity (U·mL ) and P r ratio between the initial volumetric rate of product formation and the initial product concentration P 0 .
Luedeking-Piret Model for Production [18]     
), P 0 is the initial cutinase activity (U·mL
) and μ 0 is specific growth rate (h −1 ), and α is growth associated term (UgX ) and β is non-growth associated term (UgX
).
Results and Discussion
Production of Cutinase
Initially, basal medium containing tomato cutin was used for the production of cutinase from P. cepacia NRRL B 2320. The cutinase activity was first checked with p-NPB and it was further confirmed with specific substrate, p-NMSH. The enzyme activity towards p-NPB was found to be 190 U·mL −1 in the unoptimized medium. To further enhance the cutinase activity, screening and optimization of medium components were carried out.
Screening of Significantly Influencing Medium Components
The experiments were conducted in 12 runs (in duplicate) to evaluate the effect of most significantly influencing medium components on the production of cutinase. The design matrix selected for the screening of significant variables for cutinase production and the corresponding responses are shown in the Table 1 . Production of cutinase from P. cepacia varied from 30 to 293.5 U·mL
inferring that the strong influence of medium components on the production. This variation reflects the significance of medium optimization to achieve higher production. To assess the significance of each individual factor on the cutinase activity, a student's t-test was performed and the results are given in Table 2 . Generally, a large t value and lesser p value indicate a high significance of the corresponding model term. Factors evidencing p-values of less than 0.04 [8] were considered to have significant effects on the response, and were therefore selected for further optimization studies. The lower probability values indicate the more significant factors on the production of cutinase. A positive sign indicates that at higher level of variables setting results in a higher response than the lower level variable setting. Alternatively, a negative sign indicates that the lower level of variable setting results in a higher response than the high level variable setting [8] . The significant medium components screened by Plackett-Burman design are cutin, peptone, MgSO 4 ·7H 2 O (with positive effect) and KCl (with negative effect). The nitrogen source in the medium also regulates the growth and fermentation process for cutinase production. Previously, [20, 21] , reported that MgSO 4 ·7H 2 O had minimal effect on cutinase production from C. lindemuthianum and F. oxysporium, respectively, which is contradictory to our result. The reason behind may be that, the cutinases from bacterial and fungal source differed widely in respect of their pH and temperature stability and salt tolerance [1, 19] . Though KCl and urea have shown negative effect on the production of cutinase in the selected range, but they are necessary for maximum cutinase production. The necessity of presence was checked by removing these components from the medium, which results in reduced enzyme production.
Neglecting the terms which were insignificant, the model equation for cutinase production is as follows: 
where, X1, X2, X6 and X7 are the cutin, peptone, KCl and MgSO 4 ·7H 2 O, respectively. Pareto chart (Figure 1) shows the ranking of variables according to the absolute values of standardized effect, important in the design of the experiment for optimization and it is a convenient way to view the results of a Plackett-Burman experimental design. The reference line (2.11) indicates that effects were significant with α value of 0.05. The variables effects, which extend past the line, were known to be significant at particular α. The standardized effects were the t statistics shown in Figure 1 . The t statistics were calculated by dividing each coefficient by its standard error. The variables cutin, peptone, KCl and MgSO 4 ·7H 2 O were influencing the production of cutinase very significantly (Figure 1) . The effect of other insignificant variables were not included in the next optimization experiment, but instead were used in all experiments at their middle level (centre point). Plackett-Burman design of experiment is very useful statistical tool for screening of significant media components. Previously experiments were carried out to observe the effect of different carbon sources on the cutinase production (data not shown), but no other carbon source except cutin was able to induce the cutinase. Among the seven medium components, peptone, cutin, KCl and MgSO 4 ·7H 2 O were found to be significant with high (>99%) confidence level. The major factor for expression of cutinase is the carbon source since cutinases are inducible enzymes and thus produced in the presence of cutin as an essential carbon source.
Optimization of Screened Medium Constituents for Cutinase Production
The screened medium constituents (cutin, peptone, KCl, MgSO 4 ·7H 2 O) were optimized using central composite experimental design (CCD). The design matrix and the corresponding results of CCD experiments to determine the effects of four independent variables (cutin, peptone, KCl, MgSO 4 ·7H 2 O) are shown in 
where, X1, X2, X6 and X7 are the cutin, peptone, KCl and MgSO 4 ·7H 2 O, respectively. The results were analyzed in the form of analysis of variance (ANOVA), which is a statistical technique that subdivides the total variation in a set of data into component parts associated with specific sources of variation for the purpose of testing hypotheses on the parameters of the model. Table 4 represents the ANOVA for cutinase activity. The mean sum of squares (MS) of the model term is obtained from the ratio of sum of squares (SS) and degrees of freedom (df). The Fisher's F value is calculated by dividing the MS owing to the model by the MS owing to error. Table 4 also shows a term for error, the MS value, which indicates that the amount of variaion in the response data is low. The high Fisher's F t value (91.51) indicates that the most of the variation in the response can be explained by the model equation. The associated p value is used to judge, whether F is large enough to indicate statistical significance or not. A p value < 0.04 is considered to be statistically significant with high confidence level (>96%). Overall, the regression model for the cutinase activity was highly significant (p < 0.0001), which indicates that the second-order polynomial model was adequate in representing the actual relationship between the response (cutinase activity) and the variables. This inference was also confirmed by high coefficient of regression (R 2 = 96.83%). To determine the significance of the regression coefficient of the factors, the results were subjected to a student's t-test. The coefficients, t-value and p-value of different variable, their square terms and interaction terms are given in Table 5 . The linear and quadratic terms of all the four components are found to be highly significant from their low p-values (<0.0001). Among the interaction effects, the coefficient term between cutin-peptone and those between KCl-MgSO 4 ·7H 2 O has also shown high significance (p < 0.001) for the production of cutinase. Such an observation in significance of interaction effects between the variables would have been lost, if the experiments were carried out by conventional methods. In order to determine the optimal levels of each variable for maximum cutinase production, three-dimensional response surface plots were constructed by plotting the response (cutinase activity) on the Z-axis against any two independent variables, while maintaining other variables at their optimal levels. As shown in Figure 2(a) , a curvature in the response surface indicates lower and higher values of both cutin and peptone did not result in higher response. The increment of cutin concentration from 2 to 10 g·L −1 and peptone concentration from 2 to 18 g·L −1 increased the cutinase activity but further increment in the concentration of both the components decreased the cutinase activity. A similar profile was observed in Figure 2 . The cutinase production was also significantly influenced by peptone concentration in the medium and reached maximum at 17.77 g·L −1
. From the Figures 2(d) and (e) a steep increase in cutinase activity was observed with increasing concentration of peptone from 2 to 17.77 g·L −1 . Further increase in peptone concentration was unable to enhance the activity any more. Peptone and cutin being the main carbon and nitrogen source of the media help to maintain the optimum C/N ratio which could facilitate the growth of microorganism and the production of enzyme. Again the interaction of KCl and MgSO 4 ·7H 2 O (Figure 2(f) ) was very prominent with . However, very few studies deal with statistical optimization of the process for cutinase production. To our best knowledge there is no report available in the literature on the optimization of medium components for the production of cutinase using tomato cutin as a source of carbon from P. cepacia NRRL B 2320. An overall 2 fold increase in cutinase production was achieved in the optimized medium as compared with the un-optimized basal medium, which reflects the necessity and value of optimization process. From this design of experiment we could have the significant interaction between a pair of components. In this case, for the cutinase production the peptone-cutin interaction and KCl-MgSO 4 ·7H 2 O were most significant interactions.
Validation of Model
To verify validity of the model, experiments were carried out at optimal levels of significantly influenced medium components with other medium components at middle level and compared with the calculated data from the model. The estimated enzyme activity of cutinase was found to be 336.76 U·mL . The verification revealed a high degree of accuracy of the model of more than 98.73%, which is an evidence for the model validation under the investigated conditions. This value was also found to be 4.39% higher than the maximum measured cutinase activity observed in the CCD of experiments shown in Table 3 . The estimated enzyme activity towards p-NMSH (cutinase specific substrate) was found to be 3.12 U·mL −1 . There is also two fold increase in cutinase activity with p-NMSH after optimization.
Unstructured Model Prediction
The profiles for cutinase production and cell growth in optimized medium in shake flask were illustrated in the Figure 3 . The profile of growth and enzyme production in bioreactor with uncontrolled and controlled pH were shown in Figures 4 and 5 , respectively. From all the profiles, it was observed that the cutinase production increased with increasing growth up to 96 h of culture and maintained after this. Biokinetic parameters involved in the process were estimated using the models mentioned in Equations (3), (4) and (5) . These models are essentially unstructured logistic models, which describes the kinetics of cell growth and product accumulation [17, 18] . In this study, for fitting of experimental data with the models, nonlinear regression using the least-square method was used employing Microsoft Excel Solver 2003.
The estimated kinetic parameters values obtained from these models are mentioned in Table 6 , which also shows that the determination coefficient (R 2 ) values obtained by fitting the various models to the experimental data were found to be very high (≥0.93), thus revealing good precision of the models. Using the logistic model, μ, X 0 and X max were obtained for growth kinetic, and P r , P 0 and P max were obtained from enzyme production kinetic profile. Using Leudeking -piret model α and β value values were predicted. These α and β values are growth and non-growth associated parameters during enzyme production. A higher α value (55.05) than β value (0.016) predicted that cutinase production is more growth associated than non-growth associated in shake flask. But, it is also observed from Table 6 that in bioreactor (with or without pH control) α value decreased and β value increased, suggesting that cutinase production was mixed growth type in the bioreactors. This may be due to better controlled condition in the bioreactor than shake flask.
To the best of our knowledge this is the first report on the kinetic modeling fermentation profile during cutinase production. Few reports are available on lipase [22] and xylanase [23] production kinetics where production was found mostly growth associated. The coefficient of determination, R 2 , is a measure of the strength of the linear relationship between the experimental and predicted values.
The logistic model predicted the growth kinetics with an R 2 value of 0.97 in shake flask and bioreactors. For shake flask study, cutinase production kinetics was predicted by logistic and LP model with same R 2 value of 0.95. But in case of cutinase production under uncontrolled pH the kinetics for production was predicted with R 2 of 0.97 by logistic model, whereas the same was predicted with R 2 of 0.93 by LP model. For the production of cutinase under controlled pH at 7, it was also observed that logistic model predicted the production kinetics with R 2 of 0.98, and LP model showed R 2 of 0.96. From the Table 6 , it was observed that the maximum cutinase production increased from shake flask to bioreactor and in bioreactor the cutinase production increased when pH was controlled at 7, than the uncontrolled pH.
Conclusion
In conclusion, cutinase production was maximally supported by cutin, peptone, KCl and MgSO 4 ·7H 2 O. An optimum combination of cutin, peptone, KCl and MgSO 4 ·7H 2 O at the respective levels of 10.06 g·L , 0.635 g·L −1 and 5.546 g·L −1 in the medium was obtained by employing an RSM optimization technique, which resulted in 2 fold enhancement of cutinase activity by P. cepacia NRRL B 2320. The unstructured kinetic models, such as the logistic model for growth and the enzyme production, and Luedeking-Pirate model for enzyme production have been proven to be accurately evaluating the fermentation kinetic parameters with good accuracy. 
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